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The structures of the double-shelled rice dwarf virus and of its single-shell core have been determined by cryoelectron
microscopy and image reconstruction. The core carries a prominent density located at each of the icosahedral faces of its
T 5 1 lattice. These protrusions are formed by outer shell trimers, tightly inserted at the threefold positions of the core. Such
configuration of the core may guide the assembly of the outer shell, aided by lateral interactions between its subunits, into
a T 5 13 lattice. The organization of the phytoreovirus capsid elucidates for the first time a general model for assembling
two unique T numbers of quasi-equivalence. © 2000 Academic Press
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equivalence (1) seems to be a common feature of
viruses belonging to the family Reoviridae. It is estab-
lished in four genera, namely Orbivirus, represented
by the bluetongue virus (BTV) (2), Orthoreovirus (3),
Rotavirus (4), and Phytoreovirus, represented by the
rice dwarf virus (RDV) (5–7). Such an organization of
the outer shell capsomeres is challenged by a mis-
matched symmetry of the core. The structure of the
intact RDV particle has been determined by cryoelec-
tron microscopy (cryoEM) (6, 7) and by single-crystal
diffraction at a resolution of about 20 Å (5). The T 5 13
outer shell is formed by 780 copies of a 46-kDa pro-
tein, P8, while the inner shell comprises 120 copies of
a 114-kDa protein, P3, in a T 5 1 icosahedral arrange-
ment. Therefore, phytoreoviruses construct the two
protein shells based on a 13:2 subunit ratio of the
outer and inner layers. Similarly “mismatched” protein
shells are present in the capsids of the T 5 13
members of Reoviridae. So far, knowledge has been
limited about how these two shells assemble into
different symmetries. It is known only that purified RDV
P8 peptide tends to assemble into monolayer crystals
with trimers in a hexagonal array (8). Such a hexago-
nal array is essentially the same as is found on the1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 146 8 774 5538. E-mail: holland.cheng@biosci.ki.se.
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18icosahedral phases in the virion, between the pentag-
onal vertices. Accordingly, the monolayer would rep-
resent a “preform” of the outer shell ready to wrap the
core within a three-dimensional shell (1, 9). Indeed,
when the purified RDV P8 was mixed with the isolated
core of the related rice gall dwarf virus (RGDV), an
apparently correct outer layer was assembled, keep-
ing the hexagonal pattern in its phases (10). To char-
acterize the unique double-layer configuration in RDV,
we have determined the structure of the isolated core
in parallel with the intact virion. Our finding implies
that the P8 trimer sitting at the coinciding threefold
center of the two layers may play a critical role in
stabilizing the core, as well as in seeding the outer-
shell assembly.
Results and Discussion. Viral particles imaged un-
der low-dose cryoEM. Intact RDV particles were ex-
tracted from infected rice leaves, and subviral core
was subsequently obtained by additional treatment of
the isolated virus with 0.8 M MgCl2, as described
earlier (10, 11). The purified particles, intact virion and
core, were subjected to cryoEM and low-dose images
recorded. In Fig. 1A, a mixture of the purified particles
was imaged for internal calibration in order to avoid
systematic errors of microscope magnification (12). A
prominent profile made the core particles easily rec-
ognized in the micrographs (Fig. 1B, arrowheads). The
final 3D structural densities of ice-embedded virions
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19RAPID COMMUNICATIONand core particles were determined at 21 Å resolution
based on an assessment of reliability index from 96
and 99 images, respectively (13).
The Structure of the Virion Particle Presents a T 5 13
Surface Lattice. The outer shell of the RDV virion reveals
an icosahedral lattice of 260 trimeric capsomeres ar-
ranged as an open net above the inner shell (Fig. 1C).
The number and arrangement of these capsomeres con-
firm the T 5 13 lattice symmetry as earlier described (6,
7). There are holes all through the outer shell at the
hexagonal mesh centers, while the pentagonal centers
are filled with a thin layer of density above a cavity over
the core layer. The average diameter of the virion is 704
Å. However, the maximum radius varies at the five
unique trimer positions at the T 5 13 lattice (P–T, loca-
tion designated in Fig. 2B). The outermost surface is
FIG. 1. CryoEM micrographs of intact RDV and isolated core. The m
core particle (A). An image of the separate core is shown in (B), in whi
material was prepared without any fixation or contrast and rapidly froze
of its purified core (D). The reconstructed particles are viewed along treached by the P trimer (r 5 368 Å) surrounding the
fivefold axes, which is followed by the Q trimer (r 5 355
t
tÅ) and another two, the S and the R trimers, with similar
radius (r 5 349 Å). The T trimer at the threefold position
s further depressed (r 5 343 Å) and is 25 Å below the
op of the P trimer. Thus, there is a gradual decrease in
adius from those trimers forming the pentameric rings to
hose sitting at the threefold axis position.
The average thickness of the outer layer is about 70 Å
easured from areas where the shells are distinct. The
ore proteins not only are larger in mass than individual
roteins of the outer capsid, but also cover a broader
urface of the inner shell as seen from top views of the
ntact virus and the core (Figs. 2A and 2B). Apparently,
he T trimer, covering the interstitial space between the
ore subunits at the threefold axis, is the only outer
apsomere to be in a close contact with three core
ubunits (Fig. 2D, blue density). The accommodation of
ph shows a mixture of intact RDV and the apparently smaller purified
wheads point to core particles with their protrusions clearly seen. The
itreous ice. The bottom shows structural surface maps of RDV (C) and
fold axis. Bar: 1000 Å (A), 500 Å (B), and 100 Å (C and D).icrogra
ch arrohe discrete regions at the threefold axis interlock the
wo layers with dominating lateral interactions between
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20 RAPID COMMUNICATIONthe remaining outer layer capsomeres. There are or-
dered densities in contact with the inner border of the
core shell, in particular around the fivefold axes. These,
presumably, represent the interior, minor proteins in-
volved in the replication machinery (14). The inner cavity
of the virus displays several layers of ordered structures,
similar to what have been observed among members of
the Reoviridae family (5, 6, 15, 16), reflecting a high
egree of organization of the enclosed dsRNA. Such
rdered RNA might act, in addition to in the replication
FIG. 2. Three-dimensional density volume of intact RDV and isolated
section, top views of the RDV core (A) and of the outer shell (B). Withi
is used to indicate quasi-equivalent positions of the outer shell trimeric
the fivefold axes. In (C), the two capsid sections from A and B are supe
matched density is demonstrated in (D), revealed by the superimposed
line in C (from left to right) cuts through one T trimer, passes one hexag
hexagonal opening, before ending at the edge of another T trimer. The
of the threefold axes through T trimers seen in the section. The densitieachinery, as a platform gauging the core and ultimately
he whole viral particle.The Core Particle Shows Dimeric Capsomeres in a
5 1 Lattice. The core shell is composed of 120 sub-
nits with a relatively smooth surface. At the threefold
xes, there are 20 trimeric spikes, which rise ;60 Å
above the surrounding shell density (Fig. 1D). The sub-
units allocated around the spike at the threefold axis
differ in configuration from those surrounding the fivefold
vertex (Fig. 2A). With one set of dimeric contacts in each
asymmetric unit, this classifies the lattice as T 5 1
according to the Caspar–Klug quasi-equivalence in virus
Surface organization around the threefold axis is demonstrated in cap
sahedral face marked by the three fivefold (5) vertices, the label P–T
meres with the T trimer at the threefold axes and the P trimer around
ed to fit the spikes of the core into the T trimer of the intact virion. This
ial slices between the virion and the core reconstructions. The contour
pening, cuts an S trimer close to the twofold axis, and passes another
in C shows the viewing direction of D. The radius is indicated in one
intact and the core particle are shown in blue and in red, respectively.core.
n an ico
capso
rimpos
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onal oconstruction (1). The core structure fits within the interior
density of the virus reconstruction with the spikes filling
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21RAPID COMMUNICATIONthe positions of the T trimers in the virion as demon-
strated in superimposed views (Figs. 2C and 2D). The
shell domain of the core appears with a somewhat larger
radius than the inner protein layer of the virion and with
a less ordered interior density. This may result from RNA
randomization at the high Mg21 concentration used dur-
ing core preparation. The protrusion density of the core
matches the T trimer of the outer shell, as seen in a
close-up view down the threefold axis of the overlapped
densities (Fig. 2C). Likewise, in the superimposed equa-
torial slices, side views of the virion density (in blue)
demonstrate that both the boundary of the T trimer and
the contact domains of the two shells accommodate the
spike density of the core (in red). Thus, the spike density
of the core represents the T trimer of the outer layer.
A Trimer of the Outer Capsid Is Retained in the Core
Particle. The outer shell of the virus is composed of the
major protein, P8, and a minor protein, P2 (Fig. 3A). The
FIG. 3. Analyses of protein components of purified virions and cor
emonstrated by SDS–polyacrylamide gel electrophoresis (SDS–PAG
oomassie brilliant blue, and the immunoblot was probed with rabbit an
re based on values deduced from nucleotide sequence analysis. (B)
oated with antibodies against the P8 protein, at the time points indicate
ver the bound core analyte was injected anti-P8 antibody in solution (tw
as repeated with the antibodies injected in reverse order (ExperimenP2 protein was previously suggested to occupy the
threefold position in the outer shell (5). Such a location ofP2 is challenged by the fact that in a P2-free mutant of
RDV the threefold positions in the P8 shell are filled with
trimer density in a manner like that seen in the wild-type
particle (unpublished data). Furthermore, P2 was not
observed in the SDS–PAGE of our core preparations (Fig.
3A). Therefore, it is unlikely that this removable P2 oc-
cupies the threefold positions as spikes in the purified
core. Contrary to P2, the major peptide P8 was consis-
tently found in the purified core (Fig. 3A). This fraction,
;10% of the total P8, could not be removed by extensive
pelleting and density gradient centrifugation. It remained
in the core particle at 1.6 M MgCl2 (T.O., unpublished
data). Assuming that the T trimers are P8 trimers of the
outer capsid, these would represent 1/13 (;8%) of the
total P8, which accounts for the amount recovered in the
core preparation. Such a fraction of remaining outer
capsid protein has been similarly observed in RGDV (10),
but has so far not been reported with other reoviruses. To
cles. (A) Peptide composition of the particles, studied by cryoEM, is
d Western blotting. The 10% polyacrylamide gel was stained with
s against the P8 peptide. Molecular masses given for the RDV peptides
analyses. The RDV core was injected over a BIAcore sensor surface
rows in the sensorgram (triple injection of 10 ml of a 20 mg/ml solution).
llowed by an antibody against P3 (twice) (Experiment A). The procedure
ding results from the two experiments are summarized at the bottom.e parti
E) an
tibodie
BIAcore
d by arfurther investigate the accessibility of P8 on the core, its
interactions with rabbit antibodies against P8 and P3
22 RAPID COMMUNICATIONwere studied by surface plasmon resonance. The core
bound to a sensor surface coated with anti-P8 antibodies
in a concentration-dependent, saturable manner (Fig.
3B). Thus immobilized analyte was subsequently ex-
posed to antibodies injected in the flow over the sensor
surface (17). Binding of the anti-P3 antibody indicates
that the immobilized antibody bound the core, not free P8
protein. This proves that P8 is exposed on the surface of
core particles. Consistent with this is the subsequent
binding of anti-P8 antibodies. About twice as much an-
ti-P3 IgG as anti-P8 IgG was accumulated. When one
antibody was injected after the other, a slight hindrance
effect on anti-P3 by anti-P8 was observed (Fig. 3B),
possibly due to the binding of anti-P8 at a more pro-
nounced surface. Use of monoclonal antibodies and an
extensive affinity study would further elucidate the stoi-
chiometry and detailed configuration of these two capsid
proteins. The present data on P8 content and surface
location in the core suggest that the T trimer, forming the
spikes of the isolated core, is a P8 trimer.
P8 Trimers Are Anchored at the Face Center of an
Icosahedral Core. An intimate connection between the
trimeric P8 and individual P3 subunits seems to be at-
tained at icosahedral threefold axes, where the three
neighboring P3 peptides provide a unique equivalent
contact. The affinity between P3 and other RDV peptides
has been studied by the use of recombinant RDV pep-
tides as probes in Western blot analyses (18). The P3
probe bound to RDV P3, as well as to P8 and P7. The P8
trimer remains attached in the core at 1.6 M MgCl2,
above which the core is destabilized. In contrast to this,
the major portion of the outer shell P8 is removed at 0.8
M MgCl2 (10). Thus, the interaction within the trimeric P8
spike, as well as the affinity between P8 and its symmet-
rically associated molecules of P3, by far out-ranges the
lateral interaction between the P8 trimers and their in-
teraction with P3 distant from the threefold axes. It is
likely that the T trimer at the coinciding threefold posi-
tions of the two shells, is de facto a P8 trimer. This is
more steadily attached to the core by being inserted as
a plug in between three P3 units than the other P8
components of the outer layer.
It is not clear whether the spikes are essential for
core assembly in vivo, but cores have not been seen in
the absence of P8. Arrangements of densely packed
enzyme–RNA clusters inside the core, as explicitly
analyzed at atomic resolution for BTV (15), may con-
tribute a scaffold for P3 shell assembly. However,
particle stability based on protein–protein interactions
is predominant, since empty assemblies can be ob-
tained from double-shelled particles, as well as from
single-shell cores, after depletion of RNA by RNase
treatment (data not shown).The Outer Shell Retains Its Structural Organization
after in Vitro Reconstruction. When isolated core and
purified P8 are mixed, a virus-like, double-shelled parti-
cle reassembles at reduced salt concentration. In the
reassembled particle, the outer shell shows the same
features as the intact virus, as previously described us-
ing RGDV outer shell protein (10). These results led us to
consider the anchor role of the T trimer in the virus
architecture in order to hold the P8 outer shell. During
assembly, or reassembly, free P8 trimers, or fractions of
monolayer, would locate toward the designated T trimer
driven by lateral interactions among the trimers. Such an
intrinsic property of P8 trimers to connect, side by side,
was observed in the formation of monolayer crystal (8).
Starting from the T trimers at the center of the 20 icosa-
hedral faces, this should enable a P8 net to grow out
over the entire surface of the T 5 1 core, with or without
the aid of further contact points with the P3 surface.
In the density map of intact RDV particles, variable
footing of the P, Q, R, and S trimers on the core capso-
mere is seen (Fig. 4A). The principle of interaction be-
tween the non-T trimers and the P3 subunits is obscure.
In BTV, the mismatched peptide arrangement of the two
shells is feasible, as suggested by a rather flat, and
possibly hydrophobic, interface between the layers (2). If
not strongly repelled by the P3 layer, the lateral interac-
tions between P8 proteins would enable P8 trimers to
align on top of the T 5 1 core in different environments
based on the T-trimer anchoring. Thereby, the interplay
and the structural flexibility of the two lattices, as seen
here for the T 5 1 of the core and the T 5 13 of the outer
capsid, depend on the unique anchoring of the T trimers
confined to the threefold junctions of the P3 protein layer.
This interaction is indeed strengthened by the three P8
limbs of exact symmetry correspondences to hold the
equivalent P3 molecules in a one-to-one fashion (Fig.
2A).
In the RDV structure, the outer capsid relays on central
poles plugged into the T 5 1 core shell. Lacking an
exactly paired P8–P3 interaction, the docking of P8 onto
the rather smooth T 5 1 surface requires a nonrepellent
environment in terms of charge and conformation and
would be stabilized by hydrophobic effects. Unlike the
multiple-layer structures of animal reoviruses, the con-
straint of particle size and the choice of lattice symmetry
would not be very selective in the double-layer structure
of RDV without the T trimer anchoring function. The P8 T
trimers, anchored by paired P3–P8 interaction at the
positions of the threefold axes, would form the seeding
center for the expansion of the outer “roof” shell. Subse-
quently, side-by-side alignment of trimeric P8 protomers,
with their intrinsic property to form monolayers, would be
the scaffolding mechanism. The order of the symmetry is
thereby determined by the relative size of the capsom-
eres and the surface area available. In principle, the
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23RAPID COMMUNICATIONstabilized hexagonal array of P8 trimers provides options
to build various lattice symmetries at different particle
diameters (Fig. 4C). From that point of view, the best
matches to the RDV dimension are the T 5 12 and the
T 5 13 lattices. This was based on measurements of the
averaged particle diameter of 704 Å and the fivefold-to-
fivefold arc distance of 388 Å. From the RDV density map,
the alternatively proposed T 5 9 layer of the outer RDV
capsid (19) would not apply. Furthermore, with the spikes
found in the RDV core, the threefold positions of the two
layers should match by the protein density based on
three corresponding copies of P8 and P3 subunits in
contact. In that respect, a structure with either a T 5 9 or
a T 5 12 lattice would not be conceivable, as seen from
the scheme of phase triangles (Fig. 4B). Among the
triangulation numbers suitable from the size constraint,
only T 5 13 places a trimer at the icosahedral threefold
axis. From a functional point of view, a T 5 9 or a T 5
12 lattice may be less attractive than a T 5 13 lattice,
FIG. 4. Theoretical considerations on RDV symmetry. (A) Subunit mis
clusters of circles indicate the positions of the outer layer trimers. Note
the protrusion of the core coincide, inserted in between three capsome
filled pentagons), the outer shell trimers are located on top of the core
corners of which show the locations of hexagon-to-pentagon shift in a
, k 5 2), or T 5 13 (medium gray, h 5 3, k 5 1) symmetry. Only one
C) Calculations of parameters related to RDV. Dimensions of the phase
numbers. The h and k values are the coordinates of the phase triang
ell of 110 Å, measured in the hexagonal array of P8 crystal (8). The an
heoretical particle dimensions. The arc length corresponding to this a
umber of P8 subunits, on which the triangulation number is based, ca
pherical surface with an average P8 dimension taken from the crystasince such a layer leaves the threefold joint opening of
the P3 layer directly exposed under an opening at ahexagonal center (Fig. 4B). Thereby, a T 5 9 or a T 5 12
outer layer would provide less protection from the envi-
ronment and would be less preferred in terms of func-
tional selection.
Biological Implication. The rationale in organizing the
symmetry-mismatched layers may have been function-
ally proposed as a “fast track” of maturation, interlayer
flexibility, or a size filter for access to the particle interior.
Such a mismatch would uphold an advantage for trans-
lation and replication and at the same time provide a
stable particle for infecting both the plant host and the
insect vector. From another point of view, the mismatch
may be the consequence of selection for these two
major capsid proteins, not only to provide optimal sizes
for maintaining the double-shell structure, but also to
accommodate unique folding with which to conduct their
designated functions during the viral life cycle. Netting
with strong lateral interactions would be needed to ac-
ng in outer and inner shell. On the surface density of the core particle,
t the threefold position (indicated by a filled triangle), the T trimer and
the core shell domain. However, around the fivefold axis (indicated by
B) T number tracing. A hexagonal lattice is overlaid with triangles, the
hedral face of T 5 9 (light gray, h 5 3, k 5 0), T 5 12 (black, h 5
“phase triangles” with T 5 13 has its center at the threefold position.
s at different icosahedral particle diameters are calculated for different
hexagonal array, as in B. Edge lengths in these triangles refer to a unit
tween two nearby icosahedral vertices, 63.4°, is used to calculate the
assumed to be equivalent to the edge of the phase triangle. The total
be estimated by dividing an average area of the icosahedral and the
.matchi
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res of
shell. (
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le in a
gle be
ngle isquire a shell around a symmetry-mismatched core. The
conserved T 5 13 lattice is probably scaffolded by the T
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24 RAPID COMMUNICATIONtrimers on the core and, thus, constrained to the size of
the core shell. The P8 trimer, fixed at the center of each
icosahedral face, may provide the outer layer with a
steady anchor to expand and to close the hexagonal
array of P8 into a T 5 13 shell. As the protein size of the
outer and inner shell subunits seems to be preserved in
several of the reoviruses, the openings between the core
subunits at the threefold axes would provide a similar
keyhole for an outer capsid trimer to lock the shells, as
found here with RDV. Indeed, although without any direct
evidence from single-shelled cores, a symmetrical match
at threefold axes was correspondingly noted in the dou-
ble-shelled structure of BTV (2). During infection, RDV
capsids are not disrupted. The particles found inside the
infected cells appear to have openings suitable for trans-
port of substrates and mRNA, probably similar to the
transcriptionally active particles of other dsRNA viruses
found in the cytoplasmic compartment (4, 15, 20). Hence,
a structure with built-in flexibility would be essential for
the particle to fulfill its role in the RDV life cycle. The
mismatched shells with interlayer independence, but
held by a few unique contacts, should essentially furnish
the flexibility needed.
Materials and Methods. Particle preparation. Intact
RDV was extracted from rice leaves infected with RDV
and the core released from the virion by treatment at a
high concentration of MgCl2 (8, 10). Essentially, the pu-
ified virions were treated with 0.8 M MgCl2 in 100 mM
histidine, pH 6.2, and the core was separated from the
outer capsid proteins by repeated pelleting and resus-
pension at the same MgCl2 concentration. Finally, the
core was subjected to CsCl density gradient centrifuga-
tion in 0.1 M histidine, 20 mM MgCl2, pH 6.2. The parti-
les were pelleted, resuspended, and stored in 0.1 M
istidine, 20 mM MgCl2, pH 6.2.
CryoEM, Image Processing, and 3D Reconstruction.
The low-dose image of the particles was recorded at
35,000 magnification and 1 mm underfocus with a Philips
CM120 (Philips Electronics Instruments, Netherlands)
operated at 120 kV (13). The micrographs were digitized
on a SCAI microdensitometer (Zeiss, Jena, Germany) to
receive a final sampling size at 4 Å per pixel. After
particle images were boxed, the common-lines method
was implemented to select the starting reliable set of
image orientations, so as to reconstruct a preliminary
map. The reconstruction was subsequently refined to
improve the accuracy of orientations and origins by the
PFT and cross-common-lines methods (20).
Binding Analyses. Antibody binding studies were done
in the BIAcore2000 system (BIAcore AB, Uppsala, Swe-
den). Rabbit IgG raised against the P8 peptide of RDV
was immobilized, by the amine-coupling technique, as a
ligand on carboxymethyl-coated sensor surfaces (CM5-Chip; BIAcore AB) and used to trap the isolated core of
RDV (17). The sandwich was analyzed for binding of the
same antibodies against P8 and antibodies against pep-
tide P3. Regeneration of the ligand surface was achieved
by injection of 10 mM Tris–HCl, pH 8.0, 1 M NaCl, 500
mM methylmannoside, 0.25% (v/v) EmpigenBB (Calbio-
chem–Novabiochem Corp., La Jolla, CA). The composi-
tion of the running buffer was 25 mM Tris, 250 mM
MgCl2, pH 7.4. The binding studies were performed at
5°C and the flow rate was kept at 5 ml/min.
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